Brain-derived neurotrophic factor (BDNF) has been proposed as a biomarker of schizophrenia and, more specifically, as a biomarker of cognitive recovery. Evidence collected in this review indicates that BDNF is relevant in the pathophysiology of schizophrenia and could play a role as a marker of clinical response. BDNF has been shown to play a positive role as a marker in antipsychotic treatment, and it has been demonstrated that typical antipsychotics decrease BDNF levels while atypical antipsychotics maintain or increase serum BDNF levels. Furthermore, BDNF levels have been associated with severe cognitive impairments in patients with schizophrenia. Consequently, BDNF has been proposed as a candidate target of strategies to aid the cognitive recovery process. There is some evidence suggesting that BDNF could be mediating neurobiological processes underlying cognitive recovery. Thus, serum BDNF levels seem to be involved in some synaptic plasticity and neurotransmission processes. Additionally, serum BDNF levels significantly increased in schizophrenia subjects after neuroplasticity-based cognitive training. If positive replications of those findings are published in the future then serum BDNF levels could be definitely postulated as a peripheral biomarker for the effects of intensive cognitive training or any sort of cognitive recovery in schizophrenia. All in all, the current consideration of BDNF as a biomarker of cognitive recovery in schizophrenia is promising but still premature.
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INTRODUCTION
The lack of diagnostic and treatment markers is one of the most important problems in clinical practice. Researchers are deeply involved in the identification of validated markers, particularly biomarkers that could be useful in predicting treatment responses to different therapeutics. One of the most important challenges of schizophrenia research is to establish biological markers that can predict clinical outcome and identify clinical stages in these patients. Molecular genetics, analysis of serum and cerebrospinal fluid (CSF), and structural and functional neuroimaging have provided an attractive field of research for biomarkers [1] . For many reasons, such as small effect sizes and individual rarity, gene studies have traditionally shown that genetic markers are not suitable as diagnostic markers [2] . In this line, the study of CSF parameters has yielded a number of interesting candidate biomarkers, but this research has only recent begun [3] . In contrast, despite particularly promising research on neuroimaging, available techniques for evaluating structural and functional brain changes make them unsuitable as biomarkers in schizophrenia [4] . Further biomarker research is needed in schizophrenia. However, evidence suggests both that BDNF is relevant in the pathophysiology of schizophrenia and that BDNF is potentially more useful as a biomarker for diagnostic and prognostic purposes than are other potential biomarkers [5] . A biomarker has been defined by the United States Food and Drug Administration (FDA) as "A characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacological responses to a therapeutic intervention". Biomarkers have been suggested to have the potential to augment the chances of successful drug and therapeutic development through better target validation, provision of surrogate end-points and patient stratification [6] . Recently, cognitive recovery has been considered among the most important targets in the treatment of patients with schizophrenia. Consequently, the identification of biomarkers of cognitive recovery is relevant not only for diagnostic purposes but also for the development of new approaches to treat cognitive impairment in schizophrenia [7] . Brain-derived neurotrophic factor (BDNF) has been proposed as one of the stronger biomarker candidates in schizophrenia and, more specifically, as a biomarker of cognitive recovery [5] .
BRAIN-DERIVED NEUROTROPHIC FAC-TOR
Neurotrophins are growth factors that play an important role in the survival, development, and functionalism of neurons. They prevent neurons from triggering programmed cell-death, which prolongs their survival. They are also involved in the formation of new neurons in certain areas of the brain. BDNF is one of the most studied neurotrophins. The properties of BDNF vary according to the brain region studied. BDNF has been described as a modulator of neuronal survival and differentiation, synaptic plasticity, and higher order cognitive functions such as learning and memory [8] [9] [10] . Moreover, there is also evidence that indicates a role for BDNF in the development of the cardiovascular system [11, 12] and in the growth, survival, and chemoresistance of tumour cells in various types of cancer, including Hodgkin lymphoma, myeloma, and neuroblastoma [13] [14] [15] [16] [17] . BDNF is mainly synthesised in the brain and spinal cord by glial cells [18] , but is also produced by Schwann cells associated with peripheral motor neurons [19] . BDNF is synthesised as a precursor (proBDNF) that is cleaved afterwards to generate the mature protein. Although it was believed that proBDNF had no function, work by Hempstead and collaborators reported that, by interacting with the p75 neurotrophin receptor, proBDNF could induce the opposite effect to that of mature BDNF, leading to cell death [20] . This work has opened a new line in the study of the mechanisms underlying BDNF because mature BDNF mainly acts through a different receptor, the tyrosine kinase receptor B (TrkB) [20] . In addition, it is known that BDNF can pass the blood-brain barrier, reaching non-neuronal tissues, such as the heart, lungs and platelets [21] [22] [23] [24] . However, little is known about the function of non-neuronal BDNF. Moreover, BDNF mRNA has been found in several peripheral locations, such as activated human T cells, B cells, monocytes [25] , the heart [26] , the retina, smooth muscle [12] , the lungs [27] [28] , endothelial cells [29] and platelets [24, 29] . Given the difficulty of studying BDNF in situ in the brain, there has been growing interest in the accurate assessment of BDNF activity in the periphery. Studies in murine models have shown a good correlation between BDNF levels in the brain and circulating levels of the protein [30] . The amount of BDNF in serum, plasma and whole blood samples is commonly determined by using ELISA techniques with relatively high specificity and sensitivity. In spite of all the different sources of BDNF, it is believed that BDNF released from platelets is the major contributor to serum samples. BDNF stored in platelets is most likely derived from both the circulating plasma pool and from resident cells in the brain [30] and other organs [22, 29, 31, 32] . Measured BDNF levels are highly dependent on the methodology used [33] . Karege et al [34] demonstrated that the stability of BDNF assessed in whole blood, serum, and plasma samples varied among different laboratories. Nonetheless, the accuracy and reproducibility of BDNF determination in serum has been validated [35] . However, there is still little consensus regarding standardised protocols for plasma collection and BDNF dosage. Interestingly, there have been reported changes in serum and blood BDNF levels in patients with neuropsychiatric disorders such as depression [21, 36] , schizophrenia [37] , Alzheimer's disease [38] , multiple sclerosis [39] , and anorexia [40] when compared to healthy individuals.
GENETIC POLYMORPHISM OF BDNF
The BDNF gene (chromosome 11p13-14) encodes a precursor peptide (proBDNF) that is proteolytically cleaved to form the mature BDNF protein. This gene contains a functional polymorphism that has been widely studied in genetic association and gene-environment studies in psychiatry research [41, 42] . This single nucleotide polymorphism (SNP) consists of a guanine substitution for an adenine in the position 196 of the gene (rs6265), provoking a change of a Valine (Val) to a Methionine (Met) in amino acid 66 of the protein. As a functional polymorphism, it has been claimed that the Val variant is associated with higher neuronal BDNF secretory activity than is the Met allele. Additionally, the co-expression of Val and Met alleles in heterozygotes results in less efficient intracellular trafficking and processing, leading to decreased BDNF secretion [43, 44] . Genetic studies have revealed that the association between BDNF and schizophrenia has not been definitively established. The single nucleotide polymorphisms C270T (in the 5' non-coding region) and Val66Met are two common functional genetic polymorphisms of the BDNF gene. A meta-analysis of case-control studies [42] stressed the association of this polymorphism with the risk of schizophrenia and other mental disorders, such as substance-related disorders and eating disorders. This study also showed that individuals with the Met/Met homozygous allele had 19% higher risk of developing schizophrenia and other psychotic disorders than did those with the Val/Met heterozygous alleles. However, another meta-analytic study of two of the most extensively studied BDNF polymorphisms, Val66Met and C270T, did not find an association of the Val66Met polymorphism with schizophrenia [45] . Nonetheless, several studies have shown positive associations between the BDNF Val66Met genetic variant and several aspects of the phenomenology of schizophrenia, such as age of onset, clinical symptoms, aggressive behaviour, suicide attempt, brain morphology, and cognitive function [41] .
BDNF LEVELS AND SCHIZOPHRENIA
Schizophrenia has been conceptualised as being essentially a neurodevelopmental disorder [46, 47] . It is well known that BDNF plays a key role in a number of processes that are thought to be impaired in schizophrenia, ranging from neuronal differentiation to neurite outgrowth and neuronal survival [48] . In addition, BDNF seems to be crucial to synaptic transmission and various cognitive processes that are severely impaired in schizophrenia. Currently, a considerable amount of data are available that highlight the role of BDNF in the pathophysiology of schizophrenia [49] in both chronic patients and first episodes. Commonly, it has been assumed that determination of BDNF levels in peripheral serum might be a useful measure. On one hand, levels of BDNF in peripheral serum seem to be correlated with BDNF concentrations in the central nervous system [30] . On the other hand, BDNF is able to cross the bloodbrain barrier [32] . Unfortunately, the studies that measure serum BDNF concentrations in patients with schizophrenia are not conclusive and have even produced some conflicting results.
The majority of relevant studies report lower serum BDNF levels in schizophrenia patients compared to healthy controls [37, [50] [51] [52] [53] [54] . However, other studies could not find any differences between schizophrenia patients and healthy controls [55, 56] . Further, some studies have even found higher serum BDNF levels in patients with schizophrenia [57, 58] . To clarify these controversial results, Green et al [59] assessed the published data in a meta-analysis. After a rigorous selection of the works with better methodology, the authors were able to demonstrate reduced serum BDNF levels in schizophrenia patients, not only for medicated patients but also for drug-naïve patients; no differences were shown between males and females. In addition, using meta-regression techniques Green et al [59] showed a significant association between reduced BDNF and increased age, but no association was found for medication dosage. In conclusion, after controlling for heterogeneity of samples and methodological aspects, these authors suggested that blood levels of BDNF are actually reduced in medicated and drug-naive patients with schizophrenia.
Although many studies about BDNF levels have been conducted in chronic schizophrenia patients, a few recent studies have examined BDNF profiles in first-episode patients. The earliest study to be conducted with first episodes and drug-naïve patients reported a significant decrease in plasma BDNF levels compared with controls [60] . The authors found a significant association between plasma BDNF levels and positive and negative syndrome scale scores. Since this study, a number of studies have replicated those findings suggesting differences in BDNF levels in first-episode patients. Jindal et al [61] showed a significant decrease in serum BDNF levels in patients with first episode schizophrenic psychosis but not in patients with non-schizophrenic psychosis. Unfortunately, they could not find significant correlations between BDNF levels and the severity of positive and negative symptoms or overall functioning. A different study tested the presence of cerebrospinal fluid (CSF) BDNF levels in drug-naïve first-episode patients [62] . Compared with controls, a significant decrease in CSF BDNF levels was found and they were significantly related with plasma levels. In addition, CSF and plasma BDNF levels also showed a significant negative correlation with baseline positive symptoms. Finally, a study conducted by the research team of Rizos [63] tried to determine the association between serum BDNF levels and hippocampal volumes in a sample of first psychotic episode drugnaïve schizophrenia patients. The authors found serum BDNF levels significantly reduced in the sample of firstepisode patients when compared to levels of healthy subjects. Consequently, hippocampal volume was already decreased at the onset of schizophrenia in first-episode patients. Interestingly, BDNF levels and hippocampal volume reduction were significantly related, which suggests a putative relationship between lower serum BDNF levels and a reduction of hippocampal volume.
BDNF AND NEUROTRANSMITTERS
BDNF plays an important role as a regulator of synaptic transmission and has been associated with the pathophysiology of schizophrenia [64] . Furthermore, its relationship with dysfunctions in the dopaminergic, glutamatergic, and serotonergic neurotransmitter systems has been widely studied.
BDNF is a neurotrophic protein that is synthesised by dopamine cells and has been closely linked to the function of the dopaminergic system. It has been shown to be expressed throughout the cerebral cortex, hippocampus, basal forebrain, striatum, hypothalamus, and cerebellum neurons [65] . With regards to synaptic transmission, BDNF has also been shown to control the expression of D2-like receptors, Dopamine 1 and Dopamine 3 (D1, D3), in adults through the control of specific dopamine genes [66] [67] [68] . For this reason, BDNF is an important modulator of the dopaminergic system, and its changes can be observed in the brain and in the plasma of patients with schizophrenia [66] . Exposure to BDNF or a lack of this neurotrophin results in alterations to both excitatory and inhibitory synaptic systems [64] . The role of BDNF in the glutamatergic system has been well studied (Figure 1) . BDNF promotes the development of GABA neurons and the expression of GABA-related proteins, such as GAD67 and GAT, in the cortex and other brain regions [65] . In rodents, BDNF regulates the GABAergic system in the hippocampus. In subjects with schizophrenia, altered GABA neurotransmission may contribute to prefrontal cortex dysfunction [69] . Some evidence suggests that BDNF has an influence on the development of the serotonergic system by promoting the survival and differentiation of 5-hydroxytryptamine (5-HT) neurons both in vivo and in vitro [70, 71] . Furthermore, BDNF stimulates the expression of S100 beta in astrocytes and the production of myelin basic protein oligodendrocytes [70] . In mice, alterations in BDNF expression result in physiological disturbances in 5-HT neurons that have been shown to be deteriorated in advanced age [70] . In humans, high levels of central serotonergic activity are associated with high BDNF serum concentrations [72] .
BDNF AND SYNAPTIC PLASTICITY
Although the aetiology of schizophrenia is still un- known, neuroimaging studies have consistently demonstrated brain abnormalities in patients with schizophrenia. These studies revealed significant reductions in gray matter volume in the cortex and hippocampus and decreases in neurons of the dorsal thalamus [73] . Within first-episode psychosis patients, a systematic review and meta-analysis has shown volumetric deficits in the hippocampus and in cortical grey matter, specifically in temporal grey matter [73] . Furthermore, histological studies have shown a significant reduction in synaptic and dendritic markers in the brains of schizophrenia patients [74] . Recent evidence suggests that BDNF has an important role in the growth and development of the central and peripheral nervous system and is associated with disruptions in the brain structure of patients with schizophrenia [75] . In previous studies, BDNF has been reported to regulate axonal and dendritic development and the differentiation and survival of new neurons by increasing the number and length of axons and their branches [64, 70] . In mice, BDNF has demonstrated a specific role by promoting survival of embryonic retina ganglion cells and mesencephalic dopaminergic neurons in vitro. After administration of high BDNF concentrations in rodents, an extensive neuronal growth was observed [76] .
BDNF AND COGNITION
BDNF has been shown to mediate some processes of cognition. It has demonstrated its role as a regulator of axonal and dendritic branching [77, 78] . Thus, the process of hippocampal long-term potentiation implies a process of synaptic strengthening associated with learning and memory through its functional TrkB receptor [79, 80] . In relation to schizophrenia, a study detected a significant positive correlation between serum BDNF levels and decreased cognitive functioning in 250 Chinese inpatients with schizophrenia [81] . In another study, serum truncated-BDNF abundance predicted a high presence of cognitive impairments, showing 67.5% of sensitivity and 97.5% of specificity [82] in the prediction. This result suggests that deficiency in pro-BDNF processing may be involved in the mechanism underlying the cognitive impairments observed in schizophrenia. In addition, impairment in spatial learning and memory has been found in BDNF-knockout mice [83] . Conversely, single intrahippocampal BDNF administration seems to affect the behavioural flexibility of rats in a Morris watermaze task [84] . Studies have also found impairments in long-term potentiation in BDNF gene-deleted mice [85] . These data support the role of BDNF in cognitive impairments observed in schizophrenia and suggest that BDNF could be a potential marker of cognition, as it is involved in learning and memory processes [5] .
BDNF AS A POTENTIAL BIOMARKER
Currently, pharmacological response is mainly a process determined by a trial and error strategy. Identification of biomarkers in the near future could allow us to identify patients who are more likely to respond to a particular treatment and even determine their sensitivity to side effects. However, not only would this allow us to stratify patients according to their likely treatment response but it could also help clinicians and patients to partially avoid the uncertainty of the trial and error process. BDNF has been strongly proposed as a biomarker in schizophrenia and more specifically as a biomarker of cognitive recovery. But, is there now enough evidence to consider DBNF as a biomarker? As previously mentioned, a biomarker needs to have three core characteristics: (1) To be an indicator of normal biological processes; (2) To be an indicator of pathogenic processes; and (3) To be a marker of response to therapeutic interventions.
Indicator of normal biological processes BDNF seems to play a crucial role in normal cognitive functions such as learning and memory. Its role as a regulator of axonal and dendritic branching has been shown in various studies [77, 78] . Thus, the process of hippocampal long-term potentiation, which implies a process of synaptic strengthening associated with learning and memory through its functional TrkB receptor has also been found [79] . In addition to this, BDNF signalling has been implicated in the regulation of adult neurogenesis, suggesting its prominent role in synaptic plasticity and cognition [86] . On the other hand, the genetics of BDNF show that polymorphisms are relevant to understanding normal neurotrophic processes. Variation of BDNF polymorphisms includes a single-nucleotide polymorphism (SNP), rs6265, in the conserved, 5′-proprotein-coding region; this entails a valine-to-methionine substitution (Val66Met). This last polymorphism has been suggested to cause inefficient BDNF trafficking and a reduced activity-dependent BDNF secretion.
Indicator of pathogenic processes
Some studies have suggested that BDNF is strongly implicated in the pathophysiology of schizophrenia in both first-episode patients and chronic schizophrenia patients. Within first-episode schizophrenia patients, a number of studies have shown a significant decrease in plasma BDNF levels [87] . In addition, serum BDNF levels are lower in chronic schizophrenia patients compared to healthy controls [51] . In relation to reduced brain volumes in first-episode and chronic schizophrenia patients, recent studies have found a correlation to lower serum BDNF levels [63] , specifically in reduced hippocampal volume [88] . BDNF levels in serum or CSF have been associated with the presence of schizophrenia in general and to other impairments in cognition. BDNF polymorphism is involved in less efficient intracellular trafficking and processing. This leads to decreased BDNF secretion and possibly to disturbances in neurotransmission processes, which may contribute to prefrontal cortex dysfunction. Neuroimaging studies have shown that reduced brain volumes in first-episode and chronic schizophrenia patients are related to lower serum BDNF levels [63] and, specifically, to reduced hippocampal volume [88] . Finally, using functional neuroimaging, Eisenberg and collaborators [89] have suggested that Val66Met polymorphism is significantly associated with hippocampal dysfunction.
Marker of response to therapeutic interventions
Studies that aim to measure the effects of antipsychotics on BDNF have produced varying results depending on the type of antipsychotic used in the study [64] . Thus, some studies suggested that typical antipsychotics seem to reduce BDNF expression while atypical antipsychotics could increase BDNF expression, but these studies were carried out as animal experiments. Unfortunately, studies with clinical samples in humans are still scarce [90] . In the particular case of treatments that target cognition, studies are even scarcer. Nonetheless, BDNF has been shown to mediate some processes of cognitive change. There is some evidence about BDNF's role as a regulator of axonal and dendritic branching [77, 78] . The process of hippocampal long-term potentiation, which implies a process of synaptic strengthening, has been associated with learning and memory through its functional TrkB receptor [79, 80] . Furthermore, a recent study conducted by Vinogradov et al [91] has directly tested whether neuroplasticity-based cognitive training is able to modify serum BDNF levels in schizophrenia patients. Samples consisted of 56 schizophrenia outpatients and 16 matched healthy comparison subjects. Both groups were assessed on baseline cognitive performance and serum BDNF levels. Schizophrenia subjects were randomly assigned to either 50 h of computerised auditory training or a computer-game control condition; this was followed by reassessment of cognition and serum BDNF levels. At baseline, schizophrenia participants had significantly lower serum BDNF levels than did healthy controls. Subjects who engaged in computerised cognitive training designed to improve auditory processing showed significant cognitive gains and a significant increase in serum BDNF when compared with subjects who played computer games (control condition). In sum, in a repeated-measures analyses of variance approach, subjects following cognitive training showed a statistically significant gain in global cognition (approximately 0.36 SD) from baseline to endpoint; subjects in the control group showed no change in global cognition (0.01 SD). After 10 wk, subjects following the neurocognitive training were able to increase their mean serum BDNF levels (mean ± SD, 25.27 ± 10.34) to the same level as healthy controls (mean ± SD, 31.30 ± 8.95); the control group showed no change. After the treatment, authors calculated the standardised mean difference (Cohen's d) in BDNF levels between the control group and the therapeutic group and found a medium effect size of 0.67. Although this study has not been replicated, it opens a pathway in clinical research. It is probable that serum BDNF levels would be significantly increased after neuroplasticity-based cognitive training in schizophrenia subjects. If positive replications are published, then serum BDNF levels could be postulated as a peripheral biomarker for the effects of intensive cognitive training or any sort of cognitive recovery in schizophrenia.
Furthermore, pharmacogenetic studies have shown that the BDNF Val66 Met polymorphism could be helpful as an outcome predictor not only for cognitive recovery but also for drug response and adverse side effects. It has been suggested that BDNF polymorphism may be associated with antipsychotic therapeutic effects [41, 92, 93] , treatment resistance [94] and adverse effects including weigh gain [95] , tardive dyskinesis [96] and extrapyramidal syndrome [97] . Interestingly, Zhang et al [96] have indicated that BDNF genetic variants could be associated with antipsychotic treatment resistance.
CONCLUSION
Evidence collected in this review indicates that BDNF is relevant in the pathophysiology of schizophrenia and could play a role as a marker of clinical response. It has been confirmed that BDNF plays a crucial role as a regulator of synaptic transmission and seems to be related to dysfunctions in principal neurotransmitter systems, such as the dopaminergic, glutamatergic and serotonergic neurotransmitter systems. Particularly, BDNF has been associated with disruptions in brain structure and neurodevelopmental processes. Some studies suggest that BDNF levels are altered in schizophrenia patients. Consequently, the relationship between psychotic symptoms and alterations in the expression of BDNF has been well established. More specifically, BDNF might be playing a role as a marker of antipsychotic treatment because studies show that typical antipsychotics seem to decrease BDNF levels while atypical antipsychotics maintain or increase serum BDNF levels.
Regarding cognitive recovery, the evidence gathered in this review confirms the role of BDNF in brain plasticity and cognition. There is some evidence suggesting the role of BDNF as a regulator of axonal and dendritic branching. BDNF might also be involved in the process of hippocampal long-term potentiation through the process of synaptic strengthening. In patients with schizophrenia, BDNF levels have been related to more severe impairment in cognition. Consequently, BDNF might be proposed as a biomarker of the cognitive recovery process. It has been suggested that BDNF mediates some processes of cognitive change. Thus, serum BDNF levels seem to be significantly increased after neuroplasticity-based cognitive training in schizophrenia subjects. If positive replications are published then serum BDNF levels could be postulated as a peripheral biomarker for the effects of intensive cognitive training or any sort of cognitive recovery in schizophrenia.
Unfortunately, the effect of neuromodulation on BDNF is still far from being completely understood. Moreover, the specificity of BDNF as a biomarker for schizophrenia cannot be stated because reduction in BDNF has also been observed in patients with neurodegenerative disorders and other neuropsychiatric illnesses. Consequently, more studies are needed in order to establish BDNF as a marker of cognitive recovery in schizophrenia. Cognitive enhancing drugs have not been shown to be completely successful, and consequently, new therapeutic paradigms to improve cognition in schizophrenia need to be tested. The optimal approach may require a combination of specific drug treatment with cognitive training intervention. Finally, examining the prognostic correlation of baseline BDNF levels and the final outcome would be useful in establishing the status of BDNF as a marker of cognitive recovery in schizophrenia. For all these reasons, considering BDNF a biomarker of cognitive recovery in schizophrenia may be promising but still premature.
